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OSCILLATOR STRENGTH OF THE CN VIOLET SYSTEM 

By Victor H. R e i s  

Vehicle Environment Division 
NASA, Ames Research Center 

Moffett Field, C a l i f .  

ABSTRACT 
t 

The electronic osc i l la tor  strength, f ,  for  the CN v io le t  system 

w a s  determined by measuring the radiation from the  shock layer about 

a hypervelocity project i le  with a time-of-flight scanning spectrometer. 

The measured values a t  the Av = +1 and Av = -1 band sequences were 

f = 0.019 f 0.004 and f = 0.020 f 0.004, respectively, assuming a 

heat of dissociation Iw, for  CN of 8.2 ev. A parametric analysis 

of the radiation observed as a function of pro jec t i le  velocity 

indicated tha t  a &bo 

best  representation of the data.  

0 

for  CN of between 8.1 and 8.4 ev gave the 
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NOMENCLATURE 

radius of Bohr orbi t  (cm) 

veloci ty  of l i g h t  (cm sec-l) 

degeneracy of electronic s t a t e ,  dimensionless 

charge of electron (esu) 

electronic osc i l l a to r  strength, dimensionless - _e 
band osc i l la tor  strength, dimensionless 

heat of dissociation (ev) 

Planck's constant (erg-sec) 

calculated radiant power from a . .  band (watts-cm-=) 

calculated radiant power fr0m.a band sequence as seen 

by spectrometer ( w a t t s )  

mass of electron (g) 

pa r t i c l e  density (cm-') 

free-stream pressure (mm Hg) 
.- - 
' F'ranck-Condon factor ,  dimensionless 

' Rydberg' constant (cm-1) 

electronic t rans i t ion  moment ( cs esu2) 

vibrat ional  quantum number, dimensionless 

measured radiant power from a band sequence as seen by 
.+ I 

spectrometer (watts ) 

, 
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h wavelength (cm) ' 

V wave number (cm-1) 

P density (g-cm-=) 

? volume (cm3) 
1 

I. INTRODUCTION 

1- 

It w a s  shown i n  a previous paper(l) that  re l iab le  values of 
-. 

osc i l l a to r  strengths (f-nmbers) may be obtained by measuring the 

radiat ion from the shock layer  abobt a hypervelocity pro jec t i le  with 

a time-of-flight scanning spectrometer. 

application of this  technique t o  the CN v io l e t  B%+ --+ ?C+ system. 

Recent in te res t  i n  radiation from CN stems from the poss ib i l i ty  

The current work is an 

tha t  the atmospheres of Mars and Venus contain C02 and N 2 .  (2) If 

this  is  correct,  the  CN radical w i l l ,  be formed i n  suf f ic ien t  quantity 

i n  the shock layer  of vehicles entering these atmospheres a t  high 

speeds so as t o  be a major source of  radiative heating. Thus, i f  

reasonabie radiat ive heating predictions are  t o  be made fo r  such 

en t ry  vehicles, both the number of CN radicals  formed i n  the shock 

layer and accurate f-numbers are  required. 

11. EXPERIMENTS 

The experimental setup was ident ical ' to  t h a t  described i n  

reference 1. 

stage, shock-heated, 0.28-caliber-light-gas gun of the p i l o t  

Polyformaldehyde models were launched from the two- 
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hypervelocity free-fl ight f a c i l i t y  a t  the NASA Ames Research Center. 

Model velocity and a t t i t ude  were measured by means of shadowgraphs 

and electronic counters. Continuously recorded photoelectric 

spectra were obtained with a time-of-flight scanning spectrometer , 

(Fig. 1). The spectrometer works on the principle that as the model 

f l i e s  by i n  the focal plane of the collecting mirror, the luminous 

gas cap ac ts  as a moving entrance s l i t ,  sweeping out the spectrum 

of the  shock-heated gas' on the e x i t  s l i t .  

the exit s l i t  falls on the cathode.of an RCA 1 ~ 2 8  multiplier phototube, 

the output of which i s  recorded on an oscilloscope. 

1 

i 

Fig. 1 
1 < :  rr 

.* 

-. _- 

The energy passing through 
i 

The t e s t  gases were mixtures of C 0 2  and Nz: 4 per cent, 9 per 

cent, and 25 per cent C02; remainder Nz. Samples of the gas were 

taken immediately pr ior  t o  shooting and analyzed w i t h  a CEC 21620 mss 

spectrometer. 

below 0.3 per cent, and no noticeable effe'ct was observed w i t h  t h i s  

degree of contamination. 

All-contaminants (02, A, water vapor) were held t o  

Spectrometer oscillograms were obtained f o r  a range of model 

ve loc i t ies  of from 3.7 t o  4.9 km/sec and ambient pressures of 60 and 

90 mm Hg f o r  the various mixtures. Figure 2(a) shows aetypical t 
oscillogram and Fig. 2(b) is  th i s  oscillogram reduced t o  absolute 

levels: Calibration and experimental data  reduction procedures a re  

discussed i n  reference 1. 

In addition t o  the spectrometer measurements, several photographic 

spectra of the  luminous gas cap, as observed perpendicular t o  the 

f l i g h t  path, were taken by Mr. Ellis E. Whiting of Ames Research Center. 
1 
\ 

\ 
I 
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One of these is reproduced as Fig. 3. Note the complete 

of the CN v io le t  system, i n  agreement w i t h  the spectrometer r e su l t .  
I, 

The spectrograph was a Huet W 24, which is  a dual prism F/3.5 

instrument . 
C 

111. CALCULATIONS 

c 

i 

The electronic  osc i l la tor  strength w a s  determined by f i t t i n g  
- . -  

the measured power radiated from each band sequence t o  a synthetic 

spectrum. The synthetic spectra were calculated using the methods 

described i n  reference 1, w i t h  the appropriate constants for the  CN 

v io l e t  system. Thermodynamic properties and specie concentrations 

were calculated using the program developed by BAILEX,(3) spectro- 

scopic constants were from HERZBE8G,(*) the Franck-Condon factors  

were taken from NICHOLLS,(') and the spectral  d i s t r ibu t ion  w a s  obtained 

by the method of WILLIAMS and TREANOR.(') The main assumptions are 

that the gas i n  the shock layer i s  inviscid,  i n  thermodynamic equi- 

librium, can be considered opt ical ly  th in  and t h a t  the shape of the 

bands can be adequately represented by an averaged Q branch. 
I 

It has been observed i n  several  place^(^^^) tha t  the use of 

e lectronic  f-numbers" has been the cause of some confusion. I n  

I 

31 
I 

view of th i s ,  it i s  worthwhile t o  write out exp l i c i t l y  what i s  meant 

here (at least) by the electronic f-number i n  terms of what w a s  

I 

measured. 

vibrat ional  band may be writ ten 

The radiation per unit,volume from a given electronic- 
* 

* For simplicity the e f fec t  of induced absorption is  neglected i n  

t h i s  discussion, but was included i n  the calculation. 
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Nv I pfv i * 
8n2he2 

mc3 
I =  

where Nvt i s  the nwriber density of the radiating molecules i n  

the upper v' state, v is a. mean wave number fo r  the v1 - VI' 

t ransi t ion,  and f V t V i i  is the band osc i l l a to r  strength. Thus, 
r 

fo r  any band sequence, i .e . ,  those bands whose vibrat ional  

quantum number difference v' - v" is  a constant 
6 

- 

c Nvl V 3 f V I V i i  

V'  

8She2 
mc3 

Av= c on s t 
Av=cons t 

If W i s  the energy radiated per second from a band sequence 

as measured i n  the current experiments, then 

W =  82he2 mc3 . vol J [ 5 Nvl(p,T)9fvlv]dT ( 3 )  

&=const 

where the-integration i s  taken over the volume of the shock layer 

seen by the .spectrometer. A t  th i s  point one can write fv iv l l  i n  

terms of the band strength &2qvt,i i  

fVlV" =, - v R ,  
3kd '  (e+)2%'vV1 

where R, i s  the electronic t ransi t ion moment, qvtvlt .is the 

Franck-Condon factor,  and d' is  the degeneracy of the  upper state. 

The b , a d  osc i l l a to r  strength i s  also writ ten i n  terms of the electronic  

f-number ( 9 )  



- 7 -  

Substituting equation (4a) o r  (4b) in to  equation (3)  and fur ther  

assuming tha t  

sequence yields,  I 

f or Re2 does not vary appreciably over a band 

Lav=const 

r and 

LAv=const - 
The assumption of constant 

par t icu lar ly  good for  the CN violet  system since the wavelength extent 

of the band sequences is  small. 

f o r  Re2 over a band sequence should be 

The only vir tue for using the  f-number rather than the electronic  

t r ans i t i on  moment is tha t  the f-number i s  in  general use and therefore 

allows a more d i rec t  comparison between different  e x p e r a n t s .  On the 

other hand, there are conceptual d i f f i c u l t i e s  when defining an 

electronic  finumber fo r  a complete band system. In  par t icu lar  the  

relationship between the electronic f-numbe? and the c l a s s i ca l  

def in i t ion  of the f-number (i .e., the  f ract ion of the opt ica l  electron 

associated with the t rans i t ion)  has l i t t l e  significance. In t h i s  con- 

text the f-number should perhaps be thought of as simply the r a t i o  of 

the  band osc i l l a to r  strength fviv'l t o  the Franck-Condon factor  

qVtVlf. 

and STEWART. ( 7, 

A useful c r i t i c a l  review of the subject is  given by NICHOLLS 
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IV. rnSULTS AND DISCUSSION 

The osc i l l a to r  strength cannot be determined from any one of 

the  present experiments unless the number density of CN radicals  

is  known (cf .  eq. ( 5 ) )  Unfortunately, a t  present there exists i n  

the l i t e r a t u r e  a w i d e  range of heats of dissociation, Allo', fo r  CN, 

none of which is  c lear ly  be t te r  than any other. 

- 

Thus, there remainl? 

considerable uncertainty as t o  the correct CN number dens i t ies .  

i s  possible, however, t o  determine a f a i r l y  precise osc i l l a to r  

strength fo r  any one Noo, and then consider what values of 

f i t  the data best  over the complete range of experimnts.  

the a t tack  chosen fo r  the present work. 

It 

This is 

The f-numbers for  the, Av = +1 (A - 3560 A) and Av = -1 (A - 4170 A )  

sequences were found t o  be 

and f = 0.020 k 0.004 ((R,/eao)2 = 0 .36 ) ) ,  respectively, assuming a 

heat of dissociation fo r  CN of 8.2 ev. 

f = 0.019 f 0.004 = 0.43)) 

The uncertainty here is  

deduced from data sca t te r  plus estimates of possible systematic 

e r rors .  The integrated radiant output of the  two band sequences is  . 

igs .  4 c a,b,c ,a> 

shown i n  Figs. k(a;b,c,d) as a function of pro jec t i le  velocity fo r  

9 per cent C02, 91 per cent N2, and 4 per cent C 0 2 ,  96 per cent N 2  

at various ambient pressures. The curves represent integrated 

radiant output from the synthetic spectra w i t h  f-numbers calculated by 

applying the mthod of l e a s t  squares t o  the data. The results include 

the subtraction of a generally small (less than 15 per cent) contri- 

bution due t o  the N2(2+) and N;(l-) systems. The value of t h i s  
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contribution was estimated from shots i n  pure N2 and the magnitude 

of the 

oscillograms e 

Av = +1 and Av = 42N2(2+) band sequences observable on the CN 

In  addition t o  the above, several shots in to  a mixture of 

25 per cent C02, 75 per cent N2 gave essent ia l ly  ident ical  f-numbers. 

It is  worth noting that no measurable nonequilibrium contribution 
*+ 

t o  the  radiation from CN violet  was observed. This can be inferred 

from the independence of the deduced f-number from the calculated, 

equilibrium shock-layer density. This i s  somewhat d i f fe ren t  from the 

case for  the N2 systems reported previously, where appreciable non- 

equilibrium radiation .was observed at the lowe,r shock-layer densi t ies .  

No f-number w a s  determined for the Av = 0 band sequence 

(A - 3860 A )  as the assumption of opt ical  thinness w a s  c lear ly  

untenable f o r  t h i s  sequence. !lJgis is  shown i n  Fig. 5, which is  a 

comparison of the reduced experimental spectrum of Fig. 2 w i t h  the 

synthetic spectrum calculated a t  the appropriate conditions. 

Fig. 5 < 
The 

black-body curve shown was calculated fo r  a mean-shock-layer tempera- 

I .  

t u re  and the f-number was taken as 0.02.. .Such self-absorption e f f ec t s  

f o r  the Av = 0 

the data, the calculated radiant output using 
Fig. 6 < sequence a re  a l s o  evident i n  Fig. 6, which compares 

f = 0.02, and the 

black-body curve as functions of velocity f o r  one ser ies  of experiments. 

The variation of the electronic t rans i t ion  moment f romthe  

Av = +1 (A - 3560 A )  t o  the .Av = -1 (A - 4170 A )  band sequences was 

found t o  be R,(Av = +l)/&(Av = -1) = 0 . 9 .  This d i f f e r s  from that 

I reported by N I C H O U S , ( m )  who obtained a re la t ive  var ia t ion i n  
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with r-centroid so tha t  &(Av = +l)/Q(Av = -1) = 1.38. Nicholls 

deduced t h i s  value from the band-head in tens i ty  measurements of 

ORNSTEIN and B R I " . ( l l )  

i s  applied t o  the measurements of TAWDE,(=) as reported by FEAsT,(=) 

R,(Av = +l)/Re(Av = -1) i s  about 0.80. The eye estimates of band-head 

in tens i ty  of PEARSE and GAYDON ( 1 4 )  also support a lower value. 

I f ,  on the other hand, Nicholls' method 

While 

there  always ex i s t s  the possibi l i ty  t ha t  the Av = -1 band sequence 

measured here may be pa r t i a l ly  self-absorbed, t h i s  would seem unlikely, 

considering how the data for  th i s  sequence agree with the "optically 

thin" approximation over the range of experimental veloci t ies  

(Figs. 4 (a ,c ) ) .  It would appear, then, tha t  the bulk of the evidence 

points t o  a different  variation of 

reported. 

w i t h  r-centroid than or ig ina l ly  

The resu l t s  given here compare favorably with tha t  of BENNETT 

and DALBY,(=) who give f = 0.027 f 0.003 for  the Av = 0 sequence 

using an electron beam delayed coincidence method. 

Dalby result does not depend upon the choice of a 

FAIRBAIRN,(Is) using a shock tube, obtained 

The Bennett and 

&Ioo 

f = 0.016 f 0.008 

for CN. 

fo r  

Av = -1 assuming a heat of dissociation fo r  CN of 8.33 ev. However, 

as F'airbairn points out, the  number density of CN radicals and hence 

the f-number deduced from absolute emissive power measurements is  

quite sensit ive t o  the heat of dissociation of CN for  any experiment 

which r e l i e s  upon thermal excitation t o  supply the CN. 

exp l i c i t l y  i n  Fig. 7 where the f-number determined by the present 

method is  given as a function o f t h e  assumed M O O  of CN. Figure 7 

This i s  shown 

Fig. 7 < 
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a lso  includes' some of the values f o r  the &Ioo and f of CN currently 

reported i n  the l i t e r a t u r e .  

determine both the  

dissociation can be obtained by observing the behavior' of the present 

data  as  a .function of model velocity, since the  shape of t h i s  curve 

While any one measurement cannot 

AHoO and f ,  some idea of the correct heat of 

is dependent upon Moo. A s  an example of t h i s ,  Fig. 8 shows the / 
calculated value of I d T  = J as a function of pro jec t i le  

velocity f o r  two d i f fe ren t  heats of dissociation. The best  &Ioo 

w i l l  be t h a t  which f i t s  the data closest over the complete range of 

the  experiments. A measure of the quali ty of the f i t  i s  given by 

the  sum of the square of the fract ional  residuals 

n 

t o  u at Moo = 8.2 ev as a function of Moo. While it i s  obviously 

where n i s  the number of data points. Figure 9 shows u normalized 

impossible t o  pick one best &Ioo, the values of lwoo between 8.1 

and 8.4 ev would appear t o  give the most reasonable representation 

of the data.  

t o  f = 0.028 (cf.  Fig. 7 ) .  

Bennett and Dalby, it would seem t h a t  a higher value of Noo 

be preferred. 

- 
f = 0.014 This 'would correspond t o  an f-number range of 

In  view of these results, plus tha t  of 

is t o  
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FIGURE CAPTIONS 

’ 

Fig. 1.- Time-of-flight scanning spectrometer. 

Fig. 2.- Experimental spectra. (a) Typical oscillogram from time-of- 

(b) Reduced experimental spectrum. f l i g h t  scanning spectrometer. 

Fig. 3 .- Photographic spectrum of shock layer. 

Fig. 4. - Variation of integrated shock-layer radiation from band 

sequences as a function of project i le  velocity.  

Fig. 3. -  Comparison of experimental. and synthetic spectra. 

Fig. 6.- Effect of self-absorption on radiation observed by 

spectrometer for  the Av = 0 sequence. 

Fig. 7.- Variation of  measured f-number a s  a function of assumed 

heat of dissociation of CN for  the 

sequence. 

Av = -1 ( h  - 4170 A )  band 

0 Fig. 8.- Effect of assumed No on the shape of the J versus V 

curve. 

Fig. 9.- Relative quali ty of the f i t  of J versus V t o  the data 

as a function of assumed Moo. 

c 
























